INTRODUCTION
Surface and plate waves are commonly used to nondestructively inspect the near-surface region of a solid component for cracks and other defects due to, for example, structural fatigue. One particularly attractive method of generating and detecting such ultrasonic signals is laser based ultrasonics (LBU) [1] . In particular, because it is non-contact (i.e., does not require couplant), LBU can be implemented for inspection of limited access components using optical fibers, requiring only a small cross-sectional area for access. An example can be found in the inspection of intemal surfaces of an aircraft wing as shown in Figure l where a contact method would obviously be difficult to apply. Furthermore, in cases where extremely high sensitivity is required, bandwidth reduction can be employed by concentrating the laser generated signal into a narrow frequency band. This can be seen from the following expression for signal-to-noise ratio (SNR) for a shot-noise limited laser detection system [2] :
where ~ is the ultrasonic displacement amplitude, P is the optical power picked up by the detector and B is the bandwidth of the detection unit. To maximize the gain achieved by bandwidth reduction, the generation bandwidth should be narrowed to match the detection bandwidth as closely as possible. However, the most attractive feature of LBU for the current study with a view towards real-world applications is its ability to use fiber optics for system miniaturization. It should also be noted that the surface need not be polished, but need only to reflect light and be free of oil and debris (though this requirement is primarily critical only for the detection of ultrasound).
The work presented here employs optical fibers to remotely generate and detect ultrasound with energy focused into a selected narrow frequency band. The generation system uses a binary diffraction grating to separate the single laser pulse into lO equal but spatially separated laser pulses which are focused into lO individual fibers, thereby maximizing optical throughput to the component surface. Results have been obtained over a range of frequencies from 2.5 to 7. 7 MHz using either a piezo-electric transducer (PZT) or a fiber-optic Sagnac interferometer for ultrasound detection.
SYSTEM AND PRINCIPLE Figure 2 shows schematically the 10-fiber LBU generation system. A Q-switched Nd: Y AG Iaser operating at a 1064 nm wavelength with a pulse duration of approximately 10 ns and pulse energy of up to 300 mJ was used as the Iaser source. Two high damagethreshold neutral density attenuators (ND) with fixed optical density were used to adjust the energy for the fibers while maintaining a fairly uniform beam profile. This beam was then diffracted by a binary diffraction grating to produce 10 spatially separated (by 5.5 rnrad) but equal energy pulses. These separated beams were focused by a lens, with a focallength of 250 mm, between the attenuators and the grating into 10 spots. They were then launched into 10 multi-mode fibers ( of 200 f.Lm core diameter) which were rigidly mounted at 1 mm spacings.
Initialexperiments used a single large-core multi-mode optical fiber to determine the optical transmission efficiency through the fiber, as weil as the ultrasonic generation efficiency at the output end, for a range of fiber diameters. Although the critical parameter for ultrasonic generation efficiency (light energy per unit illuminated area) is the same for all fiber diameters, input coupling efficiency falls off appreciably with smaller and smaller fibers. Thus, the smallest possible fiber diameter (which would have the greatest flexibility Figure 3 . Configuration of the line array ultrasound source by using a combination of a cylindricallens (Lc) and a positive lens (Lp). Translating the optical components can adjust the frequency of the generated ultrasonic signal.
for internal component inspection and the lowest cost) that provides efficient input coupling is desired. lt was determined that a 200 jlm core diameter fiber, while unable to transmit the full 10 mJ of energy for which it was designed (primarily due to spatial non-uniformity of the input laser pulse), was able to transmit sufficient energy to allow three types of uhrasound generation: 1) maximum point source thermoelastic ultrasound generation (in which the surface is undamaged), 2) maximum line source thermoelastic ultrasound generation (the lines are about 5 mm long perpendicular to the desired direction of propagationlmeasurement, see Figure 3 ), or 3) ablative ultrasound generation (in which the ultrasound is substantially stronger than that generated thermoelastically but the surface is slightly burnished). This would appear to be sufficient for the present work, and thus all results presented were obtained using 200 jlm core fiber. However, if a Ionger line source geometry proves necessary, the 400 jlm fiber seems preferable to maximize generation efficiency.
The current arrangement using 10 fibers can deliver 10 times as much energy as a single fiber system or a system employing a "star-coupler" [3, 4] . This effect can be seen from the plots in Figure 4 where the solid line shows the power spectrum for a simulated 10-fiber LBU system optimized for 2.3 MHz. In comparison, the dotted line shows that in order to achieve the same level of energy at 2.3 MHz, 100 times energy would be needed in a single fiber (broadband) system. Consequently, the fibers of our system are less Iikely tobe damaged than in a single-fiber case. In turn the systemalso improves the signal detectability or SNR by 100 times as shown in equation ( 1 ) . At the output end of the fiber array, one of two methods was used to generate surface waves, depending on the center frequency of the generation band desired. For a linear generation array, the frequency of generationparallel tothat line is determined by the source spacing by the following simple relationship:
where d is the source spacing at the fiber-end and eR is the Rayleigh velocity in the material.
For a material with a Rayleigh velocity of 2900 m/s, a spacing of 0.58 mm would be needed for generation at 5 MHz. Thus, if the material to be inspected and the desired narrowband center frequency are k.nown, then the fibers at the output side can simply be spaced accordingly, and surface waves can be generated by placing the output array very near the surface.
Altematively, if a range offrequencies is desired (or ifthe Rayleigh velocity ofthe inspected material is unknown) or if a non-point generation source is preferred, a series of lenses may be used at the outputend ofthe fiber array (though this does require some additional space). In this case the center frequency is continuously tunable through a range of frequencies (limited by the relative numerical apertures of the fibers and lenses ). Furthermore, line sources may be generated using cylindricallens(es) to increase the surface wave amplitude without causing surface darnage (see Figure 3 ).
LASER-BASED ULTRASONIC DETECTION SYSTEM
A fiberized path-matched Sagnac Iaser interferometer was developed for the detection of the ultrasonic signal [5] . As shown in Figure 5 , this detection unit employs a HeNe Iaser Operating at 633 nm as the coherent light source. The beam is first launched into a Singlemode polarization-maintaining fiber and then split into two equal parts by a directional fiber coupler (A). The two parts travel respectively through paths Ll and L2 and are combined at coupler B to illuminate the structure surface (S) under exarnination. The reflected beam travels back via Ll and L2 and re-combined by coupler A to subsequently reach the photodetector (PD). Note that path L2 has a 20m long fiber loop so that among the four possible beam arrivals at the PD, only the two which travel in the ordervia the two sequentials A-Ll-B-S-B-L2-A-PD and A-L2-B-S-B-Ll-A-PD can interfere (path-matched). In addition, an acousto-optic modulatorwas installed in path L2 to shift the Iaser beam frequency. The use of this component is to bias the two interfering beam frequencies by an amount of 70 MHz while the other two unwanted beams are not shifted. This can reduce the optical noise in the detected signal. Details can be found in Ref. [5] . 
EXPERIMENT AL RESUL TS
In the experimental work a piezo-electric transdueer (PZT) was first employed as the uhrasonie deteetion unit. Figure 6 shows the tone-burst generated by the fiber-array delivery system operating in the thermoelastie regime. The results were obtained for an alurninum bloek of 115x24x12 mm and the distance between the Iaser generation site and the PZT was about 55 mm. Also shown in Figure 6 is the power spectrum of the uhrasonie signal. By adjusting the positive lens Lp as shown in Figure 3 (no cylindrieallens was needed for point source generation), the ablative operation regime was aehieved. Figure 7 shows a tone-burst signal and its power speetrum. Note that eompared to Figure 6 , due to the adjustment of the lens position, ultrasonie signals with different frequencies were readily generated.
By adopting the optieal arrangement shown in Figure 3 , a line array of sources was obtained. Figure 8 shows a typical waveform and the eorresponding power speetrum. The central frequeney in this case was 5.0 MHz. It can be seen that, although the line source was in the thermoelastie generation regime, the resulting ultrasonie signal amplitude reaehed the same Ievel as that of the ablative spot array souree (Figure 7 ), but no surfaee darnage was produeed.
In order to demoostrate the tunability of the LBU generation system, uhrasonie signals over a range offrequeneies from 2.7 MHz to 7.7 MHz have been obtained. Two extreme eases are presented in Figure 9 where the waveforms (a) and (b) show the single-shot (i.e., unaveraged) data generated by the fiber array LBU system operating in the thermoelastie line generation mode. It ean be seen that, without averaging, the white noise is dominant in the Figure 9 . Lasergenerated ultrasonic signals (thermoelastic line-array mode) at 2.7 and 7.7 MHzshow that the current LBU system is capable of generating wide frequency band signals. (a-b) single-shot raw data obtained from the fiber array LBU system and a PZT detection; (c-d) waveforrns corresponding to (a) and (b) respectively after the Wiener filtering process has been applied. It can be seen that, instead of time averaging, the optimal filter can effectively remove the noise present in a single-shot waveform.
signals picked up by a PZT transducer with its resonant frequency at 5 MHz. To emphasize the benefit ofnarrowband generation, Wiener (optimal) filtering was performed on the unaveraged waveforms. To deterrnine the correct frequency concentration for narrowband signals, an averaged waveform ( after 100 times) was acquired on a reference block of the material. The power spectrum of this averaged waveform was then used to represent the desired (idealized) frequencies for the Wiener filter. Each of the waveforms of Figures  9(a-b) were filtered accordingly and the filtered waveforms are presented in Figures 9(c-d) respectively. lt can be seen that there is a marked improvement in signal-to-noise ratio in the 7.7 MHz frequency waveform to the extent that the previously undetectable second arrival ( due to the reflection off the back edge of the testing alurninum block) is now clearly evident. One advantage of Wiener filtering is that the envelope of the tone-hurst is significantly less distorted than would be the case for a simple narrow-band filter. Note that due to the use of a PZT transducer with a lirnited frequency response, the resulting signals at 2.7 and 7.7 MHz were much weaker than the signal at 5 MHz.
Finally, the fiberized Sagnac interferometerwas applied to the detection of the LBU signals. For simplicity, the binary grating generated array source was used to produce the ultrasound signal. As compared to a fiber array system this approach has higher and more uniform source intensities across the spots. Shown in Figure 10 is a typical tone hurst waveform obtained (averaged 100 times) from the Sagnac interferometer. The corresponding power spectrum of the waveform is also shown. For the comparison of spatial resolution between the point detection Sagnac interferometer and a PZT transducer, one waveform was recorded from each of the two detection units and the results are presented in Figure 11 . They correspond to a single Iaser line source. The actual single pulse form generated by the Nd: Y AG Iaser should have only one spike as the Sagnac interferometer correctly demonstrates but the PZT showed two spikes due to its finite sensing area and possibly due to the PZT' s intemal reflection. 
CONCLUSION
A fiber-optic laser ultrasonic system has been developed for the generation of narrowband surface waves. The system has been demonstrated for a range of frequencies from 2.7 to 7.7 MHz. Signals were detected piezoelectrically using a 5 MHz surface wave transducer with a relatively narrow frequency response. A fully fiberized Sagnac interferometerwas also employed for the detection and the preliminary results show clearly that this point detection system has a higher spatial resolution than a PZT transducer. The complete system is particularly applicable to the inspection of limited access components where a contact method is difficult to apply. However, the interferometric signalsarestill a little too weak for general applications. Therefore, the next step will be concentrated on the improvement of the sensitivity of the interferometer, as well as continued refinement of the fiber-optic Iaser generation system. Efforts will focus on a technique which maximizes detection sensitivity on rough surfaces while minimizing the increased noise associated with remote sensing. In order to take full advantage of the bandwidth reduction, the detection system's frequency response should be as closely matched to that of the generation system as possible. While active filtering of a broad-band detected signal is possible, detection systems which are inherently narrowband would provide greater speed and simplicity, and will thus be emphasized.
